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a b s t r a c t
The dynamic strain aging (DSA) phenomenon that occurs in some materials under certain temperature
and strain rate conditions can cause plastic strain localization in the form of Portevin-Le Chatelier (PLC)
bands. Carbon-manganese steels are used commonly and frequently in construction because of their
ductility, low cost and ability to form mechanically. In these steels, the DSA phenomenon occurs for
common quasi-static strain rates from 150 to 300 °C, which makes band observation complicated. PLC
bands on a carbon-manganese steel that was sensitive to DSA were studied using an infrared camera.
Specimen heating was achieved using an induction furnace (with an adapted coil inductor), which allows
for temperature recording during tensile tests. Thermography with an infrared camera was used to es-
timate the band characteristics and increments in band plastic strain, which is an important parameter
for material behavior identiﬁcation necessary for DSA phenomenon modeling. This technique had been
developed only for PLC phenomenon observation at ambient temperature on aluminum alloys. Band
characteristics on the carbon-manganese steels have been compared with results obtained previously on
aluminum alloys.
1. Introduction
Carbon-manganese (C-Mn) steels are common steels that are used
frequently in construction because of their ductility, low cost and
ability to formmechanically. The metallurgy of these steels is complex,
because of the interaction of solute atoms with dislocations during
deformation, which leads to metallurgical instabilities, which include
Lüders strain, static strain aging (SSA) and dynamic strain aging (DSA).
If these metallurgical instabilities induce an increase in hardness, they
produce a decrease in ductility that is detrimental to component
safety [1–10].
Lüders strain appears at the transition between elastic and plastic
domains from 20 to 200 °C. At the upper yield stress, the stress drops
suddenly; plastic deformation begins at one side of the specimen and
propagates as a plastic front through the length of the sample. SSA
occurs if unloading is conducted during homogeneous plastic de-
formation, followed by heat treatment at 200 °C over a few minutes
and reloading. This results in a return of the Lüders strain phenom-
enon. These phenomena (Lüders and SSA) are visible at room tem-
perature. Thereafter, plastic deformation is homogeneous during the
test until area reduction occurs.
In DSA, aging is sufﬁciently rapid to occur during straining.
Strain localization is characterized in a tensile test by the forma-
tion and propagation of plastic strain bands termed Portevin-Le
Chatelier (PLC) bands. During tensile tests at an imposed strain
rate, DSA is associated with serrations on the stress-strain curve
[4,11–16]. Each stress drop on the tensile curve corresponds to the
formation of a band. Three types of bands form: type A corres-
ponds to the continuous propagation of a plastic front along the
specimen, type B corresponds to a discontinuous but regular
propagation of bands and type C corresponds to chaotic formation
along the specimen (discontinuous and uncorrelated). At a mi-
croscopic scale, this phenomenon is related to the interaction of
mobile dislocations with the interstitial solute atoms. Dislocation
gliding is discontinuous [17–21], and the dislocations are stopped
temporarily on the obstacles (forest, precipitates) during a waiting
time tw. During this waiting time, solute atom diffusion creates
additional anchoring of dislocations. This anchoring effect is active
in a strain rate and temperature domain. In C-Mn steels, the DSA
phenomenon occurs for common quasi-static strain rates for 150–
300 °C, which complicates observations [9,10].
In C-Mn steels, carbon and nitrogen atoms interact with dis-
locations. Because of its greater solubility limit, nitrogen seems to
inﬂuence aging more than carbon does [1,5,22,23]. The location of
these atoms is rather complex [9,10]. One part is precipitated as
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carbides ( Fe C3 ) or nitrides ( Fe N4 , Fe N16 2 or aluminum nitride if
aluminum is present). The other part is in solid solution in the
centered cubic iron lattice. The part in solid solution is distributed
in three locations [24–26]. Most of the atoms gather and form
“Cottrell atmospheres”. Some segregate near dislocations in the
interstitial sites and, when all sites near the dislocations are oc-
cupied, the remaining solute atoms are free in the lattice inter-
stitial sites. It appears that solute atoms in “Cottrell atmospheres”
cause SSA and thus the Lüders phenomenon. Moreover, it has been
demonstrated that in C-Mn steels, free carbon and nitrogen in the
interstitial sites are responsible for DSA [27]. Recently, literature
models and C-Mn steels have been reviewed by [28,29].
PLC band observation on aluminum alloys has been studied
extensively. In this case, DSA occurs at room temperature. The
techniques used are optical extensometry [30–33], speckle inter-
ferometry [34–39], digital image correlation [40–44] or thermo-
graphy with an infrared camera [45–48]. The advantage of this
latter technique is that increments of plastic strain in the bands
can be estimated. This is an important parameter that is useful for
material behavior identiﬁcation and is necessary for DSA phe-
nomenon modeling. However, this technique has only been de-
veloped for the PLC phenomenon at ambient temperature.
In this study, infrared thermography has been used at 200 °C,
which is the operating temperature for DSA in C-Mn steels. Spe-
cimen heating was achieved using an induction furnace (with an
adapted coil inductor), which allows for temperature recording
during the tensile tests. After the study material has been pre-
sented, the experimental techniques are described and the ex-
perimental results (band characteristics) are presented and com-
pared with aluminum alloy results in literature.
2. Experimental setup
2.1. Material
C-Mn was received as a 40-mm-thick plate. Its chemical com-
position (weight percent) is reported in Table 1. The plate was
treated by prior normalization thermal treatment, which included
austenitizing at 900 °C followed by furnace cooling (to 300 °C) and
air cooling. This leads to a microstructure that is composed of
banded ferrite and pearlite.
This material contains too little aluminum (0.0085%) to allow
for full precipitation of nitrogen atoms by aluminum nitride for-
mation during cooling from the austenitic region. Consequently,
after this heat treatment, some free nitrogen still exists in the
lattice, which makes this alloy sensitive to DSA.
2.2. Loading device and specimen
Tensile tests were carried out using a hydraulic tensile machine.
Grip displacement was controlled to obtain a constant velocity. Two
grip velocities were considered. The nominal tensile strain was de-
duced from the measurement of grip displacements and the tensile
stress was measured using a force sensor. Specimen geometry is given
in Fig. 1. The specimen was placed at the center of the inductor of an
induction furnace, and its temperature was controlled to ensure that it
remained constant at the specimen center. Temperature control time
was shorter than the required for PLC band formation.
Table 2 lists the nominal strain rate and mean temperature for
various tests.
2.3. PLC band observation technique
As mentioned previously, various techniques have been used to
study PLC bands and to quantify their parameters (bandwidth,
apparent propagation velocity, increase in plastic deformation in
the band). We have used an infrared thermography measurement
technique that was developed 10 years ago [45,46]. This technique
has been used in many previous studies on PLC at ambient tem-
perature [45–57]. One advantage of this technique is that it allows
for the estimation of band parameters and for a following of their
evolution during the entire tensile test. In this paper, infrared
thermography has been adapted to the study of PLC phenomena at
higher temperature and in particular, for the study of C-Mn steels.
The principle of this technique is based on a measure of the
temperature ﬁeld on the specimen surface induced by plastic en-
ergy dissipated in heat during band formation. The links between
plastic strain in the band and the temperature ﬁeld measured is
given by a heat transfer equation. A homogeneous temperature
can be assumed for ﬂat specimens of small thickness, and the heat
transfer equation is written as:
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where ρ is the density, C is the heat capacity per unit mass, k is the
thermal conductivity, h is the convection coefﬁcient, e is the specimen
thickness and Tamb is the ambient temperature. The ﬁrst term on the
right-hand side represents the heat source associated with dissipated
plastic energy, where σ and ε are the stress and strain tensors, re-
spectively. It is supposed here that the plastic energy is dissipated
completely as heat. The second term represents heat transfer from
heat conduction. This term is a priori not equal to zero as soon as the
temperature ﬁeld remains heterogeneous. The last term of Eq. (1)
corresponds to thermal losses by convection and radiation on the
specimen surface.
If losses are neglected, i.e., convection, radiation and conduc-
tion terms are neglected compared with thermal inertia, the heat
equation can be simpliﬁed and is given after time integration:
σρ ΔεΔ = ( )C T : . 2p
Under these conditions, a proportionality relation exists be-
tween the temperature variation ΔT and the increment in plastic
strain Δεp. This adiabatic assumption is valid as soon as tempera-
ture increments are measured over short times. For example, this
case exists when the variation in temperature as measured be-
tween two images taken by the camera and the frequencies of
acquisition are sufﬁciently large. In this paper, this adiabatic as-
sumption will always be made and associated errors from thermal
losses on estimated parameters will be quantiﬁed.
An infrared charge-coupled device camera was used to mea-
sure temperature variation ﬁelds associated with the dissipation of
Table 1
Composition of C-Mn steel.
C N Mn Al
Weight % 0.190 1.07 0.011 0.0085
1.
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Fig. 1. Tensile test specimen geometry.
plastic energy inside a PLC band. Its spectral sensitivity is in the
near infrared domain between 3.9 mm and 4.5 mm. Thermal ra-
diation from the specimen surface was focused on the camera
array with an objective and focal length of 50 mm. The spatial
resolution was 0.27 mm. Aperture times of 25 μs and 50 μs were
used, which allows for coverage of a temperature range from
100 °C to 300 °C. The sampling frequency of the camera is 150 Hz,
which corresponds to 7 ms between two temperature ﬁelds. The
camera parameters for the two tests are reported in Table 2. The
camera and the optical device were calibrated using an extended
blackbody. Fig. 2 shows the calibration curves for two aperture
times. For a blackbody temperature of 200 °C, ﬂuctuations are
0.55 °C for aperture times of 25 μs and the detection limit of the
system at this temperature is deﬁned. These ﬂuctuations induce
lower signal to noise ratio than those obtained at ambient tem-
perature [47].
To eliminate the effect of emissivity on temperature measure-
ments, the specimen surface was covered with a thin layer of black
mat paint, which can resist temperatures of up to 600 °C.
3. Experimental results
Fig. 3 shows the temperature ﬁeld at the beginning of test 1.
The temperature ﬁeld is heterogeneous along the specimen axis
because of thermal losses on the specimen edges. However, Fig. 3a
shows that the temperature heterogeneity remains small ( ≈ )10%
in a 10 mm domain at the specimen center.
Fig. 4 shows the stress according to the nominal strain for the
two strain rate values. The nominal strain is deduced from a dis-
placement of the specimen edge. The two stress strain curves
exhibit serrations that are characteristic of PLC band occurrence. It
is difﬁcult to identify the type of PLC band from these curves.
When the nominal strain rate increases, the yield stress decreases.
This corresponds to a negative sensitivity to the strain rate, which
is a consequence of the PLC phenomenon.
First we focus on test 1 with a strain rate of − −10 s2 1. Fig. 5
shows the specimen surface temperature evolution at two points,
which correspond to the location of two consecutive bands at a
nominal strain of 0.035 and is located in the specimen center. The
nominal strain is marked by an arrow on Fig. 4. The rapid increase
in temperature for the two curves on Fig. 5 corresponds to band
formation. The temperature increments during two consecutive
Table 2
Test conditions.
Testnumber Nominalstrain rate Meantemperature (°C) Aperturetime (μs) Samplingfrequency (Hz)
1 − −s10 2 1 200 50 150
2 − −s10 3 1 200 25 150
140 160 180 200 220 240 260 280 300 320 
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Fig. 2. Calibration curves of infrared camera.
Fig. 3. Initial temperature ﬁeld.
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Fig. 4. Stress strain curves for the two tests.
bands are 0.72 °C and 0.38 °C. A time of 2373 ms is estimated
between the two band formations. From these two curves, two
temperature ﬁelds, before and after the band formation, can be
established. These temperature ﬁelds are represented on Fig. 6.
The band angle with specimen axis can also be measured and is
5472°. To determine the bandwidth and distance between two
consecutive bands, the evolution in incremental temperature
along the specimen axis, x, is shown in Fig. 7. Fig. 7 allows the
band width at middle height and the distance between the two
bands to be deﬁned. For two consecutive bands, the bandwidth
and the distance between the two bands are equal to 1.2 mm and
1.4 mm, respectively. The error in distance between two con-
secutive bands is equal to the pixel size, 0.27 mm in our case, and
is unaffected by heat diffusion by conduction. For the bandwidth,
heat conduction between band formation and the moment when
the camera measures the temperature ﬁeld tends to overestimate
the bandwidth. An estimate of this error can be made by using a
unidimensional heat diffusion model where the heat conduction
and heat losses from convection with the surroundings are taken
into account. This model is detailed and is solved in appendix
Alloblackburneus for a bandwidth of 1.2 mm and an acquisition
frequency of 150 Hz, the maximum error on the estimated band-
width is 0.18 mm, which corresponds to 16%.
The position of all detected bands can be represented according to
the nominal strain rate. Fig. 8 shows the normalized position along the
specimen axis for each band for test 1. Bands 1 and 2 are represented
with a white box. Fig. 8 enables us to highlight the spatio-temporal
organization of the PLC bands. Type C and B bands occur during these
two tensile tests. The domain where the temperature can be con-
sidered as homogeneous and close to 200 °C is delimited by two
dashed lines. Fig. 9 shows the same representation for test 2 at a
nominal strain rate of 103 s1.
These curves allow for the determination of time between two
band formations and the distance between two consecutive bands
to represent their evolution during the test. Figs. 10 and 11 re-
present evolutions in distance and time between two consecutive
bands. For these two data sets, the full square represents bands
being formed in the center of the specimen where the tempera-
ture is close to 200 °C with a margin of 10%. Empty squares re-
present bands formed outside this zone. Fig. 10 shows that the
distance between bands exhibits small variations compared with
the space resolution during the test. For two nominal strain rates,
this distance is 1.2 mm, with an uncertainty of 0.27 mm related to
the space resolution of the camera. The time between two band
formations is more dispersed. This dispersion occurs from the
heterogeneity in temperature along the specimen length, which
can affect the band parameters signiﬁcantly. If only the bands that
occur in the central zone of the specimen where the temperature
is close to 200 °C are taken into account, fewer dispersed curves
are obtained. An increase in duration between two band
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Fig. 5. Temperature evolution in the center of two consecutive bands (test 1 at a
strain rate of − −10 s2 1).
Fig. 6. Temperature increase ﬁeld during (a) ﬁrst and (b) second band formations
(test 1 at a strain rate of − −10 s2 1).
Fig. 7. Temperature increment along specimen axis for two consecutive bands (test
1 at a strain rate of − −10 s2 1).
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Fig. 8. Normalized position of bands along the specimen axis (test 1 at a strain rate
of − −10 s2 1).
formations can be detected for test 1. An increase in time between
two band formations occurs when the nominal strain rate de-
creases. An explanation of this effect was given in [47]: Orowan's
law expresses the dislocation waiting time tw according to the
strain rate and the elementary plastic strain, Ω, which corres-
ponds to the strain obtained when all mobile dislocations ac-
complish a successful activation event:
Ω
ε
=
̇ ( )
t 3w
When the plastic strain increases, the elementary plastic strain
increases because of dislocation multiplication [58]. Thus, the
waiting time and the time between two band formations in-
creases. When the strain rate increases, the waiting time and the
time between two band formations decrease, as observed during
the experiments.
From the time, tmb, and distance, δ, between two bands, an
apparent propagation velocity for type B bands can be deﬁned by:
δ=
( )
v
t 4app mb
Fig. 12 represents an evolution of this apparent velocity and
highlights that this apparent velocity decreases with nominal
strain and increases with nominal strain rate.
For each band, the temperature increment can be represented
according to nominal strain and for the two strain rates. Fig. 13
represents this evolution and shows that the results are dispersive.
No effect of strain rate and nominal strain can be highlighted, and
a mean value of increment of 0.3 °C can be determined. The heat
equation in the adiabatic case allows the plastic strain increment
in the band to be deduced with the following equation:
Δε ρ
σ
= Δ ( )
C T
5
For C-Mn steel, the density, heat capacity and axial stress for a
nominal strain of 15.8% are equal to 7800 kg m3, 460 J kg1 K1
and 343 MPa, respectively, and a plastic strain increment of 0.3%
can be calculated.
4. Discussion
The PLC effect has been studied extensively, especially for alumi-
num alloys. Measurements by thermography are very useful to
quantify macroscopic characteristics of bands and to observe their
evolution during tests and for various nominal strain rates. In this
discussion, results obtained in the previous paragraphs for C-Mn steel
will be compared with those for an Al-Cu-Mg alloy detailed in another
publication [47].
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Fig. 9. Temperature increment along specimen axis for two consecutive bands (test
2 at a strain rate of − −10 s3 1).
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Fig. 10. Distance between two consecutive bands according to nominal strain.
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Fig. 11. Time between two consecutive bands according to nominal strain.
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Fig. 12. Apparent band velocity according to nominal strain.
C-Mn steel and aluminum alloys that contain copper and
magnesium have different aging mechanisms. For the AlCu Mg4
alloy studied by Ranc et al. [47], before loading, the materials
undergo heating to 500 °C to achieve solution treatment of copper
and magnesium in the aluminum alpha phase with cubic face-
centered crystalline structure. This heat treatment enables us to
concentrate these two elements in the aluminum crystal lattice.
For C-Mn steel, carbon and nitrogen are inserted into the centered
cubic iron lattice. The diffusion velocity of the solute atoms is very
different in these two materials and is much slower in the alu-
minum alloy than in steel [59](page 67).
The PLC effect also depends on the material microstructure such
as, for example, its grain size. C-Mn steel has an equiaxed grain mi-
crostructure and a slightly dispersed average ferrite grain size of 13–
30 μm with an average size of 19 μm. For aluminum alloy, grains are
slightly lengthened and the grain size is less dispersed with an aver-
age of approximately 20 μm. The steel and aluminum alloy grain sizes
are thus comparable. The PLC phenomenon and, more particularly, the
band characteristics are also very dependent on specimen geometry
and tensile testing machine characteristics such as its rigidity. In the
two studies, “hard machines” with high rigidities were used. However,
the specimen geometries differ. For tests on the aluminum alloy, the
gauge length and the thickness are equal to 60 mm and 3mm,
respectively.
For the same nominal strain rate, the appearance of the PLC effect
and in particular, bands of type B occur for various temperatures, 20 °C
and 200 °C, respectively, for aluminum alloy and steel. This result
seems to contradict the fact that the diffusion velocity of solute atoms
in steel is higher than in aluminum. Thus, the PLC phenomenon
should occur for lower temperatures in the case of steel than for
aluminum. This observation underlines the importance of other
parameters such as the dislocation density and solute atom con-
centration. In general, these parameters are difﬁcult to estimate
precisely.
Table 3 summarizes the various band characteristics for the two
materials. In general, orders of magnitude of the parameters are
the same but some differences exist, in particular between the
bandwidth, time between band formations and the increment of
plastic strain inside one band. Some of these parameters are in-
terdependent. If it is supposed, for example, that the plastic strain
concentrates only in the PLC band and that between two band
formations, the plastic strain remains negligible, then the follow-
ing relationship can be established:
Δε ε= ℓ̇ ( )
t
d 6
mb
where d is the band width, ℓ is the length of the useful part of the
specimen, ε ̇ is the nominal strain rate and tmb is the time between
two band formations. For C-Mn steel, =t 23 msmb and a strain
increment in one band of 0.67% is obtained. The same calculation
can be made for aluminum, and a strain increment of 1.1% can be
calculated. In both cases, this relationship leads to a slight over-
estimation of strain increment compared with the experiment.
However, the order of magnitude is correct. This overestimation
most likely results because the plastic strain is not really equal to
zero between two band formations, and during the band forma-
tion, a plastic strain always exists outside the band.
The bandwidth is higher for aluminum, but this effect is un-
doubtedly because of the difference in specimen thickness. Several
authors have shown the importance of this effect [15,34]. For example,
Shabadi et al. [34] show that for alloy AA7020, an increase in speci-
men thickness from 1mm to 5mm creates an increase in bandwidth
from 4mm to 8.5 mm at a strain of 5%. For our measurements, the
bandwidths remain lower for the two materials but the difference in
specimen thickness can explain this bandwidth difference.
5. Conclusion
Tensile tests were carried out at 200 °C on a C-Mn steel. A DSA
phenomenon is presented, which leads to the formation of PLC bands.
Specimen heating was achieved using an induction furnace. An ob-
servation of spatio-temporal organization of these bands and the
measurement of their macroscopic characteristics was carried out by
infrared thermography. This technique has already been used many
times in the literature for test temperatures close to ambient condi-
tions. This study thus shows the possibility of extending this mea-
surement method to higher temperature despite a less favorable sig-
nal to noise ratio. Various band parameters were studied such as
bandwidth, angle of inclination, distance between two consecutive
bands, time between two band formations and apparent band pro-
pagation velocity. The increment in plastic strain in the bands was also
estimated from the temperature increment in the band using the heat
transfer equation. Using this thermography measurement technique,
it is also possible to determine the evolution of these parameters
according to the nominal plastic strain and nominal strain rate. The
presented results were compared with results obtained at ambient
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Fig. 13. Temperature increment in bands according to nominal strain for tests
1 and 2.
Table 3
Comparison of PLC band characteristics.
Material Temperature Strain [s1] Nominal strain Bandwidth [mm]
AlCu Mg4 20 × −1.19 10 2 15.8% 2.9
C-Mn steel 200 102 3.5% 1.2
Material Distance between bands
[mm]
Time between two bands
[ms]
Temperature increment
[°C]
Plastic strain
increment
AlCu Mg4 1.4 51 0.74 0.6%
C-Mn Steel 1.4 23 0.3 0.3%
temperature in an Al-Cu-Mg alloy and using the same experimental
technique. This study enables us to conclude the following:
 The thermography measurement technique can be used to ob-
serve the PLC phenomenon in steels at 200 °C. It provides good
results even if the signal to noise ratio is worse than at ambient
temperature.
 For similar test conditions, PLC bands of type B appear at a
higher temperature in steel than in aluminum alloy.
 The orders of magnitude of the macroscopic characteristics of
the bands are the same as that for C-Mn steel and the aluminum
alloy despite different diffusion mechanisms of the solute atoms
at microscopic scale.
 Evolution of parameters according to the nominal strain and
nominal strain rate appear to be rather similar except for tem-
perature increments in the bands.
Appendix A. Unidimensional model of heat relaxation after
one band formation
To model and estimate the temperature relaxation after PLC
band formation, a unidimensional temperature ﬁeld will be sup-
posed in a parallelepipedic specimen with length 2L, width
ℓ = 6 mm and thickness =e 1.5 mm. On the specimen faces, heat
exchange by convection with surroundings at ambient tempera-
ture = °T 20 Ca is considered and is modeled by a constant heat
convection coefﬁcient h, which is assumed equal to
10 Wm2 K1. Adiabatic boundary conditions are applied on the
two ends of the specimen (Fig. 14).
Under these conditions, the heat equation is:
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ϑ = ( ) −T x t T, a represent the temperature variation, and the
boundary conditions are:
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and T1 represents the specimen temperature before band forma-
tion, ΔT is the temperature increment after band formation and b
is the half width of the band.
A solution of this problem can be found in Ref. [60] on page
144:
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Fig. 15 represents the evolution in temperature proﬁle with time.
The last time corresponds to that between two successive images
recorded using the camera (e.g., 6.7 ms). A decrease in tempera-
ture occurs at the center of the band and the hot zone width in-
creases. After 6.7 ms, the temperature variation in the center of the
band is approximately 0.13 °C, i.e., a relative error of 17%. In par-
allel, the width of heat at the middle high temperature is ap-
proximately 1.39 mm, which corresponds to a relative error of 16%.
The increase in acquisition frequency induces a reduction in these
two errors.
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